We perform first-principles calculations to predict the morphology of L1 0 ordered FePt nanoparticles grown on Mg(Ti)O substrates with relevance to application in heat-assisted magnetic recording (HAMR) media. We show how incorporation of Ti into MgO substrates reduces the FePt adhesion energy from −1.29 (pure MgO) to −2.35 J/m 2 (pure TiO). This effect is due to the formation of strong Fe-Ti bonds at the interface. Consistent with experimental observations, the predicted equilibrium morphology of supported FePt nanoparticles is significantly changed, corresponding to increased wetting. This behavior is undesirable for HAMR media since it promotes grain growth which limits the storage density. We show how passivation of surface Ti atoms (e.g., with MgO) is sufficient to restore the wetting observed for pure MgO substrates offering a viable strategy for optimization of next generation recording media.
I. INTRODUCTION
L1 0 ordered FePt exhibits high magnetrocrystalline anisotropy in the [001] direction (7 × 10 7 ergs/cm 3 )andisone of the preferred materials for heat-assisted magnetic recording (HAMR) media in hard disk drives (HDDs) [1, 2] . Increasing the storage density of HDDs further requires decreasing the physical dimensions of each bit which are currently limited by the FePt grain size [3] . L1 0 ordered granular FePt has been successfully deposited on (001) MgO underlayers with good (001) texture and large out-of-plane coercivity [3] [4] [5] [6] . However, since MgO is insulating, it must be deposited using radio frequency (rf) sputtering which limits the sputtering rate and is impractical for industrial applications. Recent work has shown that rock-salt structured Mg 0.2 Ti 0.8 O( M g T i O )c a nb e produced by doping Ti into the MgO substrate [3, 7] . Due to the good conductivity of MgTiO, this substrate is suitable for direct current (dc) sputtering which offers better control of the deposition rate and the FePt grain size. However, the shapes of FePt nanoparticles grown on MgTiO are significantly different to those grown on pure MgO. In particular, the contact angle is smaller on MgTiO than on MgO substrates [7] . The increased wetting of FePt on MgTiO makes further reduction of grain size difficult and offsets any benefit obtained by the use of dc sputtering. However, the atomistic origin of the increased wetting on MgTiO is not understood, presenting an obstacle to further optimization of FePt/MgTiO HAMR media.
Experimentally there has been a great deal of effort focused on the development of improved substrates for FePt media. While MgO single crystals are known to provide an ideal substrate for growth of L1 0 ordered FePt, they are too expensive for HAMR media applications [8] . Therefore much work has focused on the identification of suitable seed layers that can be grown on silicon substrates to template the growth of L1 0 ordered FePt. A thin film of MgO is a natural choice and numerous studies have demonstrated good (001) FePt texture * sh1635@york.ac.uk † keith.mckenna@york.ac.uk and high coercivity for such films [3] [4] [5] [6] . High-resolution transmission electron microscopy studies have also shown that L1 0 FePt nanoparticles grow epitaxially on MgO seed layers [9] . However, as noted above, the insulating nature of MgO brings significant disadvantages for industrial applications. The recent work on MgTiO as an alternative conductive seed layer opens up new possibilities [3, 7] . However, there is currently very little experimental information concerning the atomic structure at the FePt/MgTiO.
Theoretically, there have also been many investigations into the structure and properties of FePt with relevance to HAMR media. These include first-principles predictions of the stability of FePt surfaces and nanoparticle morphologies [10] , as well as Monte Carlo simulations of the ordering of FePt nanoparticles [11, 12] . There are far fewer theoretical studies of FePt/MgO interfaces and no results we are aware of concerning the predicted morphology of supported FePt nanoparticles [13, 14] . These theoretical models predict that the most stable FePt/MgO interface involves Fe atoms positioned directly above O atoms in the MgO substrate (being around 0.4 eV more stable than the Pt-O configuration) [13] . However, there have been no theoretical studies of the effects of incorporating Ti into MgO on either the interfacial structure or the FePt nanoparticle morphology. Given the absence of direct experimental information on this issue, such predictions would be extremely valuable.
In this study we employ first-principles theoretical approaches to model the interface between L1 0 FePt and MgTiO. We show the adhesion of FePt on MgTiO is significantly stronger than on MgO due to the formation of interfacial Fe-Ti bonds. Furthermore, by calculating the surface formation energies of L1 0 ordered FePt and applying the Wulff-Kaishew construction we predict the morphologies of FePt nanoparticles on MgTiO substrates with various Ti loadings. These models allow us to provide an atomistic interpretation for the experimentally observed increased wetting of granular FePt on MgTiO. The results also suggest that to reduce the wetting of FePt on MgTiO, interfacial Ti ions must be passivated. This could be achieved for example by introducing an ultrathin pure MgO layer between FePt and the MgTiO substrate. Altogether, these results provide much needed insight into the modified morphology of FePt on MgTiO substrates with direct relevance for the optimization of FePt HAMR media.
II. METHODS
Density functional theory calculations are carried out using the Perdew, Burke, and Ernzerhof (PBE) exchange-correlation potential and a plane wave basis as implemented in the Cambridge Serial Total Energy Package (CASTEP) [15, 16] . The Brillouin zone (BZ) is sampled using Monkhorst-Pack (MP) grid (grid sizes for particular supercells are defined later in text) and plane waves with energies up to 500 eV are used to expand the wave functions. 1 ). The atomic structure of all supercells presented in this paper are optimized using the limited memory Broyden-FletcherGoldfarb-Shanno algorithm [17] withforceandener gytolerances of 5 × 10 −2 eV/Åand2× 10 −5 eV/atom, respectively. The energy tolerance for self-consistent field optimisation is 1 × 10 −5 eV/atom. We use primitive unit cells for the optimization of bulk FePt and MgO with 9 × 9 × 9a n d 13 × 13 × 13 MP grids used for BZ sampling. Using this approach we predict bulk lattice parameters of MgO (a = 4.25Å) and L1 0 FePt (a = 3.83Å) in good agreement with experiment [18, 19] .
The Wulff construction [20] (anditsextensiontosupported nanoparticles: the Wulff-Kaichew construction [21] ) is used to predict the equilibrium shape of FePt nanoparticles. These geometric constructions allow one to identify the nanoparticle shape that minimizes the total energy (i.e., the one that is most stable) given surface formation energies (γ )andtheadhesion energy if supported on a substrate (γ ad ). The basic concept is illustrated in two dimensions in Fig. 1 .T h eW u l f f -K a i c h e w construction is widely used for predicting the morphology of supported nanoparticles, see for instance a recent study of Ag clusters supported on the MgO(100) substrate [22] .
To calculate FePt surface formation energies we construct surface slab models (i.e., supercells with periodic boundary conditions parallel to the surface and a vacuum gap in the perpendicular direction separating two equivalent surfaces). The formation energy is then calculated in the following way:
where A is the cross-sectional area of the surface slab, E tot is the total energy of the surface slab, N is the number of FePt formula units in the surface slab, and µ FePt is the chemical potential of bulk FePt (e.g., see Ref. [23] ). These calculations are discussed in more detail in Sec. III A below.
To calculate the adhesion energy between FePt and a Mg(Ti)O substrate supercells are constructed containing an interface between a FePt and Mg(Ti)O slab, again with a vacuum gap separating the two free surfaces. The adhesion energy is then calculated in the following way:
where E FePt/Mg(Ti)O is the total energy of the optimized FePt/Mg(Ti)O interfacial system, and E FePt and E Mg(Ti)O are the total energies of the optimized FePt and Mg(Ti)O slabs in isolation. Note with this definition a stable interface is characterized by a negative γ ad .T h e s ec a l c u l a t i o n sa r e discussed in more detail in Sec. III C below. We use the VESTA package to construct and visualize the predicted three-dimensional nanoparticle morphologies [24] .
III. RESULTS

A. Equilibrium shape of unsupported FePt nanoparticles
In order to predict the equilibrium shape of unsupported FePt NPs we calculate the surface formation energy of the (100), (001), (110), (011), and (111) FePt surfaces using the supercell approach. Each supercell contains a FePt slab with periodic boundary conditions parallel to the surface and a vacuum gap normal to the surface. For all surface supercells the thickness of the slab is at least 10Åw i t hav a c u u mg a p of 15Å. If one constructs a stoichiometric slab with (100), (011), or (111) orientation, the two surface terminations are symmetrically equivalent. However, for a stoichiometric slab with (001) or (110) orientation the two surface terminations are inequivalent (one is Fe terminated, the other is Pt terminated). Therefore, the calculated formation energy of (001) and (110) surfaces represents an average over both Fe and Pt terminations. The (001), (100), (110), (011), and (111) surface slabs contains 20, 20, 8, 10, and 10 atoms, respectively (the supercells used for these calculations are included in the Supplemental Material [25] ). 9 × 9 × 1M Pg r i d sa r eu s e d for the BZ sampling with only 1 k point in the direction normal to the surface. Table I shows the formation energy of the five low-index FePt surfaces calculated using Eq. (1). The results are in very good agreement with previous calculations employing a very similar approach but a different code [10] . The (111) surface, which has the highest coordination, is the most stable (γ 111 = 1.834 J/m 2 ), whereas the (100) surface is the least stable (γ 100 = 2.196 J/m 2 ). The equilibrium crystal shape of FePt predicted using the Wulff construction is a truncated octahedron with 14 facets including four (100), two (001), and eight (111) facets (Fig. 2 ). Figure 2 also shows an atomic model of an unsupported FePt nanoparticle. We note that the atomic model corresponds to perfectly L1 0 ordered FePt, whereas in reality disorder and intermixing of Fe and Pt on different surface facets may take place as shown in previous Monte Carlo simulations [11] .
B. Incorporation of TiO into the MgO substrate
In order to investigate the wetting of FePt on MgTiO we first need to understand how TiO incorporates into the MgO substrate. While rock-salt TiO is not a thermodynamically stable phase, it can be synthesized as a metastable structure when mixed with MgO [3, 7, 26] . The calculated lattice constants of rock-salt MgO and TiO are 4.25 and 4.28Å, respectively. Since the lattice constants differ by less than 1%, doping TiO into MgO is expected to introduce little strain. In order to predict the stable structure of the TiO doped MgO surface, we investigate surface slabs involving different configurations of TiO and MgO. We consider supercells consisting of ten atomic layers (MgO or TiO), a 15Åv a c u u mg a pn o r m a lt o the slab surface, and periodic boundary conditions parallel to the surface (using the bulk MgO lattice constant). All of the supercells used for these calculations contain 40 atoms (supercells included in the Supplemental Material [25] ) and a (6)O]. For each case two different TiO arrangements are shown. We note that the TiO layers in the slabs undergo a small ferroelectric distortion normal to the surface (Fig. 3) . As a consequence even numbers of TiO layers are found to be much more stable than odd numbers of TiO layers. For MgTi(2)O, MgTi(4)O, and MgTi(6)O in Fig. 3 , E gives the difference in total energy between the configuration on the left and the configuration on the right. In all cases the configurations with TiO segregated to the surface are found to be more stable than those with TiO dispersed in the bulk (i.e., E is negative). The calculated electronic density of states for the MgO slabs with TiO at the surface shows a band of metallic states near the Fermi energy suggesting they should exhibit increased conductivity, consistent with experiment.
C. Structure and adhesion energy of FePt/Mg(Ti)O interfaces
In this section we optimize the structure of interfaces between FePt and various Mg(Ti)O substrates and calculate their adhesion energies using Eq. (2). We use the same supercell as in Sec. III B but extended normal to the surface to accommodate ten FePt layers with 60 atoms in total. The supercells for these calculations are also included in the Supplemental Material [25] andweusethesameMPgridfor sampling as in Sec. III B.F ollo wingpre viousw orkFeatoms are positioned in the most stable position above O atoms of the substrate [13] . We verified that adsorption with Fe aligned above Ti atoms is less stable. In this geometry the FePt layers experience 10% in-plane strain. We consider FePt on MgTiO substrates containing between zero and ten TiO layers to the results in Sec. III B.F i g u r e4 shows the optimized interfacial structure of selected FePt/Mg(Ti)O systems and the vertical distance between Fe and either Mg or Ti at the interface. The vertical distance is found to decrease from 2.07Å( F e P t /MgO) to 1.65Å( F e P t /TiO) on increasing the amount of TiO. We have performed Bader analysis to calculate the charge associated with each atom in the interface supercells [27] . We then calculate the charge transfer ( q) with respect to the isolated FePt and Mg(Ti)O slabs for all atoms as a function of the number of TiO layers in the Mg(Ti)O substrate. We find that there is very small charge transfer throughout FePt except for the Fe and Pt atoms directly at the interface. 
D. Morphology of FePt nanoparticles supported on MgO and MgTiO
Using the results from the previous sections we predict the equilibrium shapes of supported FePt nanoparticles using the Wulff-Kaishew construction (see Sec. II). Figure 7 shows the predicted morphologies and atomic models for FePt supported on the pure MgO substrate and a MgTiO substrate with >4m o n o l a y e r so fT i Oa tt h es u r f a c e .T h e predicted equilibrium shape of FePt supported on MgO is a height-reduced truncated octahedron with a large contact angle at the interface between the FePt (111) facet and the MgO (001) surface [ Fig. 7(a) ]. For FePt supported on a MgTiO substrate the height is reduced further due to the increased adhesion energy. As a result the contact angle [now between the FePt (111) facet and MgO (001) surface] is reduced [ Fig. 7(b) ]. For both cases we also show representative atomic models in Fig. 7 .T h ea b o v er e s u l t ss h o wt h a tT i Od o p i n gi nt h eM g O substrate decreases the FePt adhesion energy and increases the wetting of granular FePt, which hinders the growth of isolated FePt grains. One strategy to overcome this issue is to introduce an intermediate layer between FePt and the substrate to passivate the surface Ti. For example, one could use a thin film of pure MgO on top of TiO doped MgO as a passivation layer. We performed a calculation of the FePt adhesion energy with 3 monolayers of MgO as the passivation layer and find the adhesion energy is increased to −1.23 J/m 2 ,w h i c hi s comparable to that of the FePt/MgO system [ Fig. 4(d) ]. The vertical Fe-Mg distance is also increased to 2.05Å. Using the increased adhesion energy the equilibrium shape is very similar to the pure MgO case with a large contact angle [ Fig. 7(a) ]. Therefore, it is confirmed a thin MgO layer has the capability to passivate the Fe-Ti bonds at the interface and reduce the wetting on the MgTiO substrate. 
IV. DISCUSSION AND CONCLUSIONS
There are several factors that may influence the accuracy of the results presented above. First, FePt is strained by 10% in our calculation. In reality this large lattice mismatch would be partially relieved by formation of dislocations at the interface (e.g., see recent work addressing this issue for the FePt/TiN system [19] ). Modeling dislocations at the interface would require a supercell that is about 100 times larger than the one considered here, which is currently computationally prohibitive at the density functional theory level. However, even in the presence of dislocations we expect the interaction between Ti and Fe at the interface would give rise to decreased adhesion energy and increased wetting as elucidated by our calculations. Another issue is that the lattice constant of the MgTiO structures may in general differ from that of MgO. However, the strain we have calculated for TiO is less than 1%, suggesting this should not affect the results significantly. We also note that while the PBE functional is known to underestimate the band gap of many oxides, the total energies should be accurate for calculating adhesion energies and predicting the shape of FePt nanoparticles.
As noted in the Introduction there is relatively little experimental information on the atomic structure of the FePt/MgTiO interface with which to compare. The main observation is that the wetting of FePt on MgTiO is significantly stronger than on pure MgO substrates which is fully consistent with our models. Many of the other predictions presented in this article would also be amenable for testing experimentally. For example, the systematic investigation of incorporation of TiO in MgO suggests it should prefer to segregate to the surface which could be probed directly using electron energy loss spectroscopy mapping within a scanning transmission electron microscope (STEM) [28] . We also predict significant displacements of the interfacial Ti at the interface with FePt associated with the formation of Ti-Fe bonds which could be probed directly by STEM. Finally, our prediction that deposition of a 3 monolayer passivating MgO layer on top of MgTiO should be sufficient to restore the nanoparticle morphology to that found on pure MgO would also be straightforward to test experimentally.
In this paper we have focused on understanding how incorporation of Ti into MgO modifies the structure and morphology of supported FePt nanoparticles. However, several alternatives underlayers such as TiN [29, 30] , TiON [30] , and FeCoNi [31] have also been studied and show promise. We note that many of these underlayers also include Ti (or other transition metal elements) and so Fe-Ti bond formation may also play a role in influencing FePt wetting and nanoparticle growth for these systems. In HAMR media it is also necessary to co-sputter FePt with materials such as carbon [32] o rS i O 2 [33] w h i c h segregate to the nanoparticle surface and form amorphous boundaries, decoupling the grains and promoting the growth of smaller grains. While it is possible these additives may influence the nanoparticle morphology it is not expected they will incorporate at the FePt/MgTiO and so the conclusions regarding the origin of increased wetting should be unchanged.
The magnetic anisotropy energy (MAE) is another very important parameter for applications in HAMR media. In particular, it is important that whatever modifications are employed to optimize growth processes do not destroy the out-of-plane magnetization exhibited on FePt/MgO. However, calculating the MAE for the systems studied in this paper is challenging and is likely to be sensitive to strain (which is overestimated in our calculations due to the absence of misfit dislocations). Calculation of the MAE would be an interesting next step but is beyond the scope of the present work.
In summary, we have investigated the adhesion energy between FePt and MgTiO using first-principles calculations. We find that Ti incorporated into MgO films prefers to segregate to the surface where it modifies the interaction with FePt through the formation of Fe-Ti bonds. As the Ti content is increased the vertical Fe-Ti distance at the interface is found to contract from 2.07 to 1.65Å, accompanied by a decrease in the adhesion energy from −1.29 to −2.35 J/m 2 . Using the calculated adhesion energies we also predicted the equilibrium shapes of supported FePt nanoparticles using the Wulff-Kaishew construction. The predicted morphology is a height-reduced truncated octahedron with stronger wetting for Ti doped substrates compared to pure MgO substrates. The predicted FePt shapes are in good agreement with experimental cross-sectional transmission electron microscopy images [7] . Although the TiO doping of MgO is attractive as it allows for growth by dc sputtering, the increased wetting hinders the growth of isolated FePt grains. A viable solution to this problem is to passivate the surface Ti, e.g., with a ultrathin MgO or nitride layer. These theoretical predictions provide much needed atomistic insight and point towards viable strategies for the optimization of for HAMR media.
